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Water oxidation chemistry of photosystem i
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The O,-evolving complex of photosystem II catalyses the light-driven four-electron oxidation of water to
dioxygen in photosynthesis. In this article, the steps leading to photosynthetic O, evolution are discussed.
Emphasis is given to the proton-coupled electron-transfer steps involved in oxidation of the manganese
cluster by oxidized tyrosine Z (Y%), the function of Ca?* and the mechanism by which water is activated
for formation of an O—O bond. Based on a consideration of the biophysical studies of photosystem II and
inorganic manganese model chemistry, a mechanism for photosynthetic O, evolution is presented in which
the O-O bond-forming step occurs via nucleophilic attack on an electron-deficient MnV=0 species by a
calcium-bound water molecule. The proposed mechanism includes specific roles for the tetranuclear
manganese cluster, calcium, chloride, Y, and His190 of the D1 polypeptide. Recent studies of the ion
selectivity of the calcium site in the O,-evolving complex and of a functional inorganic manganese model
system that test key aspects of this mechanism are also discussed.
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1. PHOTOSYSTEM Il AND THE OXYGEN-EVOLVING
COMPLEX

Photosynthetic O, production is catalysed by PSII, a
transmembrane complex of proteins found in the thy-
lakoid membrane of plants and cyanobacteria. The core
D1 and D2 subunits of PSII form a heterodimer that con-
tains the redox centres which couple the reduction of plasto-
quinone to the oxidation of water. A crystal structure for
the PSII complex has been solved at 3.8 A resolution
(Zouni et al. 2001). In this structure, the positions of the
transmembrane a-helices can be determined, but the pos-
itions of loop regions, individual amino acids and the
ligands to metal cofactors cannot be discerned. Before
the recent determination of the X-ray crystal structure,
structural studies of PSII had relied on analogy to the
homologous bacterial photosynthetic reaction centre, the
high-resolution structure of which is known (Michel &
Deisenhofer 1988).

The energy required to oxidize water to O, is provided
by visible photons, which are collected by an array of
chlorophylls in light-harvesting proteins and funnelled by
energy-transfer mechanisms to the photoactive reaction-
centre chlorophyll in PSII (Peg,). The excited state of Pgg,
is a strong reductant that transfers an electron to a pheo-
phytin molecule, which in turn reduces the protein-bound
plastoquinone electron acceptor in PSII (Qa). The final
electron acceptor is a diffusible plastoquinone (Qg). Fol-
lowing its reduction to hydroquinone, QgH, dissociates
from PSII and carries its reducing equivalents on to the
next step in photosynthesis.
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The charge-separated state Pggo/Qa° is stabilized
through reduction of P¢y, by a redox-active tyrosine
residue, Y. The tyrosyl radical thus formed, Y3, oxidizes
a tetranuclear manganese-oxo (Mn,) cluster, the active
site of water oxidation. Each oxidation state of the Mn,
cluster is referred to as an S, state (n=0—4). S, is the
most reduced and S, is the most oxidized of the S states
formed during the four-electron cycle leading to O, evol-
ution (Kok et al. 1970; Joliot & Kok 1975). Upon oxi-
dation to the S, state, the Mn, cluster is spontaneously
reduced to S, by oxidizing water to form O, and protons
(Debus 1992; Rutherford er al. 1992; Yachandra er al
1996; Vrettos et al. 2001a). Calcium and chloride are
required for advancement beyond the S, state (Ghanotakis
et al. 1984; Ono & Inoue 1984; Boussac et al. 1989;
Andréasson er al. 1995; Wincencjusz et al. 1997).
Together, Y,, the Mn, cluster, Ca?" and Cl~ constitute
the OEC. Several amino acids have been shown to affect
the functionality of the OEC. They are thought to be
either ligands to the Mn, cluster, such as D170 (Nixon &
Diner 1992; Chu er al. 1995a) and H332 (Chu et al
1995b6; Debus er al. 2000), or participants in proton-
coupled electron-transfer reactions, such as H190 (Chu ez
al. 1995a; Hays et al. 1998, 1999; Mamedov et al. 1998).

2. PROTON-COUPLED ELECTRON-TRANSFER
REACTIONS AND S-STATE ADVANCEMENT

The oxidation of Y, by Pgo', in both the presence and
absence of the Mn, cluster, results in Y, which is a neu-
tral radical (Tommos ez al. 1995). Based on evidence that
the pK, of the hydroxyl group of Y is greater than 9 (Hays
et al. 1999), the reduced form of Y, is expected to be
protonated over the physiological range of pH
(Berthomieu ez al. 1998). Consequently, a proton must be
transferred from Y, to a nearby base during the photo-
oxidation of Y, and from a nearby base to Y, during the
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Figure 1. Models for PCET involved in (a) the photooxidation of Y, and (b,c) the subsequent reduction of Y. In the
consecutive PCET mechanism (b), electrons and protons are transferred to separate sites (ET/PT). In the concerted PCET
mechanism (¢) for reduction of Y7, both an electron and a proton are transferred from the Mn cluster to Y, resulting in an

effective H-atom transfer (ETPT).

reduction of Y3 (figure 1). Indeed, a substantial body of
data provides evidence that both the photooxidation of Y,
and the reduction of Y involve the coupled transfer of an
electron and a proton (Karge et al. 1997; Diner ez al. 1998;
Hays er al. 1998; Christen & Renger 1999; Christen et al.
1999; Hays et al. 1999; Kithne & Brudvig 2002).

In untreated PSII samples, electron transfer to and from
Y, is very fast, but these events are retarded in PSII
depleted of the Mn, cluster. These observations suggest
that the Mn, cluster aids in ordering the H-bonding
environment of the OEC to facilitate PCET during Y,
oxidation and reduction (Tang et al. 1996b; Noguchi et
al. 1997).

In Mn-depleted PSII, the rates for the oxidation and
reduction of Y, are pH dependent and exhibit kinetic deu-
terium isotope effects (Rappaport & Lavergne 1997; Diner
et al. 1998; Christen er al. 1999). The rate of Y, oxidation
increases as the pH is raised and becomes extremely rapid
as it approaches pH 9. The measured pK, values of 8-10
and 5-7 (Mamedov et al. 1998; Hays er al. 1999) have
been assigned, respectively, to those of Y, and its proton
acceptor, which is thought to be H190. Thus, at a pH
greater than 9, Y, is deprotonated and so its oxidation is
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no longer proton-limited and occurs most rapidly. Fur-
thermore, the value of ky/kp is only slightly greater than
1 under these conditions (Diner er al. 1998). At pH values
between 5 and 9, Y, oxidation is proton-coupled and pro-
ceeds normally, with ky/kp ca. 2.5-3.5. At a pH of less
than 5, however, both Y, and its proton acceptor are pro-
tonated and so Y, oxidation is limited by proton transfer.
The identification of H190 as the proton acceptor to
Y, is supported by site-directed mutagenesis experiments
(Hays er al. 1998, 1999). Y, oxidation in H190 mutants
occurs only at high pH, when Y, is deprotonated
(Mamedov er al. 1998; Hays ez al. 1999). The rate of Y,
oxidation in H190 mutants at lower pH is improved by the
addition of small organic bases, such as imidazole (Hays ez
al. 1998), which presumably act as proton acceptors and
thereby rescue the proton-coupled steps. In contrast to Y,
oxidation, the rate of Y, reduction has a less pronounced
ki/kp of 1.4-2.3 (Diner et al. 1998) and neither the meas-
ured rates nor the H/D effect correlate with pH. This
implies that, in the absence of the Mn, cluster, the
reduction of Y3 is not proton limited, either because the
tyrosinate anion Y, is formed (at high pH) or because
protons are readily available from solution (at low pH).
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In contrast to Mn-depleted samples, the rates of oxi-
dation of Y, in Mn-containing PSII are insensitive to H/D
effects, consistent with a well-ordered pathway for PCET
(Haumann et al. 1997; Karge er al. 1997; Christen &
Renger 1999; Christen et al. 1999). However, ky/kp for
the reduction of Y, during S-state advancement varies
with S state (Bogershausen ez al. 1996; Haumann er al.
1997; Karge et al. 1997). The reported values are 1.4
$;—8S,), 23 (S,—S5), 15 (S5—S,) and 1.4
(So— S)). Similarly, the activation energies of the S-state
transitions vary considerably and have been measured to
be 59.4 k] mol™! (So— S;), 9.6 kfmol™! (S; —S,) and
26.8 kJ mol™! (S, — S;) (Koike et al. 1987). As might be
expected from these results, only the S; — S, transition
can occur at low temperature (140 K) (Casey & Sauer
1984), whereas the other S-state advancements require
temperatures above 220 K (Brudvig ez al. 1983; Styring &
Rutherford 1988), where significant protein motions can
still readily occur. These findings suggest that, in some S-
state transitions, structural rearrangements are required
for PCET to proceed and that the mechanism of PCET
may not be equivalent in all S states.

Finally, modifications of the OEC, such as the depletion
of Ca?* or CI, result in inhibition of the S-state cycle at
a point where the Mn, cluster is in the S, state and Y is
oxidized, known as the S,Y; state (Boussac ez al. 1989;
Hallahan et al. 1992; Andréasson et al. 1995; Szalai &
Brudvig 1996; Tang et al. 1996a; Szalai er al. 1998a;
Kiihne et al. 1999; Wincencjusz et al. 1999). It has been
suggested that the removal of these cofactors results in the
disruption of the H-bonding pathways required for
efficient PCET to occur (Szalai & Brudvig 1996). Spectral
simulations of the EPR spectra arising from the S,Y state
calculate an interspin distance of 7-8 A between the Mn,
cluster and Y, This is close enough for Y, to be H-
bonded to a water bound to Mn, either directly or via a H-
bonding network involving a chain of one or more water
molecules (Dorlet ez al. 1998; Lakshmi ez al. 1998, 1999;
Peloquin et al. 1998; Szalai et al. 1998b).

We propose that the various observations described
above can be explained by the model for PCET shown
in figure 1. We distinguish between two possible types of
PCET, following the convention of Cukier & Nocera
(1998), as consecutive PCET or ET/PT, in which the
movements of the electron and the proton are coupled but
distinct events, and concerted PCET or ETPT, in which
the PT and ET occur during the same event. The latter
is effectively the movement of an H-atom.

The oxidation of Y, (figure 1a) involves electron trans-
fer to Pdgo' and deprotonation of the phenolic proton to a
basic protein residue B. Based on the mutagenesis studies
described above, we identify B as H190, although it is
possible that another basic residue could be the direct pro-
ton acceptor from Y,. BH* must subsequently depro-
tonate to dissipate the positive charge. In this regard, it
has been found that the rate of proton release into the
lumenal aqueous phase following photoexcitation of PSII
correlates with the rate of oxidation of Y, (Renger &
Volker 1982; Bogershausen & Junge 1995). Therefore, it
appears that an efficient pathway for PT from Y, to the
lumen must exist.

The reduction of Y,, however, can proceed via two
pathways. In the consecutive PCET pathway (figure 15),
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Y is reduced by the Mn, cluster and is protonated by the
proton on H190 (as shown) or another basic residue B
that functions as the H-bonding partner of Y. The net
result is oxidation of the Mn, cluster by one electron.
Alternatively, Y, may be both reduced and protonated by
the Mn, cluster. In this case, an O—H bond of water lig-
ated to Mn is broken. The net result is oxidation of the
Mn, cluster by one electron and deprotonation of a Mn-
bound water molecule via a concerted PCET reaction
(figure 1c¢). The utilization of these PCET mechanisms
and the switch between consecutive and concerted PCET
steps during the S-state cycle are discussed in § 3.

3. PROPOSED MECHANISM FOR
PHOTOSYNTHETIC WATER OXIDATION

Our proposed mechanism for photosynthetic water oxi-
dation is depicted in figure 2. In this mechanism, a mono-
oxo-bridged di-manganese unit that is proximal to Y,
functions as the catalytic unit. Based on the oxidation state
assignments for the Mn, cluster obtained from spectro-
scopic results (Yachandra et al. 1996), two of the four Mn
ions appear to remain in the same oxidation state through-
out the S-state cycle. Therefore, the remaining two Mn
ions of the tetranuclear Mn cluster are denoted simply as
MnlVO, and no direct involvement in the water oxidation
chemistry is indicated. At the current 3.8 A X-ray crystal-
lographic resolution of PSII (Zouni er al. 2001), the struc-
ture and ligation of the Mn, cluster are unclear, although
the Mn ions appear to be arranged in a compact cluster
of four atoms. Such a structure is consistent with recently
proposed structural models based on X-ray absorption
and EPR spectroscopy (Yachandra ez al. 1996; Peloquin ez
al. 2000). Electron paramagnetic resonance spectroscopic
studies indicate that the four Mn ions are arranged in a
structure with three strongly exchange-coupled Mn that
are coupled more weakly to the fourth Mn. The strongly
coupled Mn ions are most probably separated by 2.7 A;
two or three such Mn-Mn distances are observed in
EXAFS studies and this distance is characteristic of a di-
p-oxo-bridged di-Mn unit. A longer 3.3 A Mn-Mn dis-
tance is also observed in EXAFS studies. This distance is
characteristic of a mono-p-oxo-mono-p-carboxylato-
bridged di-Mn unit, as we propose in figure 2.

We suggest roles for D1-Aspl170 and D1-His332 as
manganese ligands, based on evidence from studies of site-
directed mutants that these two amino acid residues are
part of the OEC (Nixon & Diner 1992; Debus ez al.
2000). The mono-oxo-bridged di-Mn unit ligated by D1-
Aspl70 is modelled after the active site of haemerythrin
(Stenkamp et al. 1985), which binds O, reversibly. As dis-
cussed below, this structure could allow for the facile
release of O, from the OEC in the S, — S, transition. It
is proposed that H332 is ligated in a trans position to the
Mn ion that binds the substrate water, based on the obser-
vation that aromatic nitrogen bases trans to a metal-oxo
bond enhance the reactivity of the oxo (Meunier er al.
1988).

As discussed in § 2 and shown in figure 1, Y can oxid-
ize the Mn, cluster by two potential mechanisms. We sug-
gest that the sequential PCET mechanism occurs in the
S-state transitions up to the S, state, whereas the
S, — S5 and S; — S, transitions proceed by the concerted
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Figure 2. Proposed S-state cycle. Steps that involve H-atom abstraction by Y, from a Mn-bound water are emphasized by
including the reduction of Y,O' in the figure. One di-manganese unit appears not to undergo redox changes during S-state
advancement and is denoted as (Mn2'O,). B denotes a protein residue acting as a base. Adapted from Vrettos et al. (2001a).

PCET mechanism. A variety of measurements, including
H/D isotope effects and temperature studies, indicate that
the S, — S; and S; — S, transitions proceed via a different
mechanism from the S;— S; and S; — S, transitions
(reviewed in Vrettos et al. 2001a). Of particular signifi-
cance is the observation that a variety of inhibitory treat-
ments, including Ca?* or Cl~ depletion and acetate or
ammonia addition, cause a block beyond the S,Y state.
We have argued that these seemingly disparate treatments
could have a common effect of disrupting a H-bonding
connection between Y, and a water molecule bound to
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Mn (Szalai & Brudvig 1996). This would prevent a con-
certed PCET mechanism for the oxidation of the Mn,
cluster by Y. It has been proposed that the reactivity of
metal-oxo complexes in reactions involving H-atom
abstractions is determined by the energies of the O-H
bonds (Mayer 1998). Based on a comparison of the meas-
ured O-H bond dissociation energies of phenols and of
water bound to inorganic Mn model complexes
(Bordwell & Cheng 1991; Caudle & Pecoraro 1997;
Mayer 1998; Bakac 2000), H-atom abstraction by a tyro-
syl radical from water bound to high-valent Mn appears
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to be thermodynamically feasible. It is expected that pro-
gressive oxidations of a single tetrameric Mn cluster will
occur at increasingly higher potentials, ultimately reaching
a point where the thermodynamic driving force for oxi-
dation of the Mn, cluster by Y3 is unfavourable. We have
argued that the S state transitions beyond the S, state are
unfavourable unless the additional driving force provided
by a concerted PCET mechanism is contributed. This
explains why inhibitory treatments all cause a block
beyond the S,Y; state. Additionally, these observations
provide evidence that only the last two S-state transitions
proceed by a concerted PCET mechanism.

The S, — S, transition is exceptional in that this step
can occur at much lower temperatures than the other S-
state transitions. It has been found that this is the only S-
state transition for which no proton is released
(Lavergne & Junge 1993; Kretschmann et al. 1996). The
S, — S, transition may occur via a simple outer-sphere
electron transfer from the Mn, cluster to Y, together with
the low-barrier movement of a proton from DI1-His190
to Y along a strong H-bond. Owing to the lack of proton
release in the S; — S, transition, this step results in a net
increase in positive charge in the OEC. Consistent with
this conclusion 1is the observation of chlorophyll
absorbance band shifts that have been attributed to an
electrochromic effect of the charge accumulated in the S,
and S; states (Brettel et al. 1984; Kretschmann er al.
1996). We previously suggested that this charge increase
is the molecular switch that causes a change from consecu-
tive to concerted PCET mechanisms in the S-state cycle
(Vrettos er al. 2001a).

Two sequential concerted PCET steps in the S, — S,
and S; — S, transitions will lead to the formation of a
MnV=0 species, which has been proposed to be the key
reactive species in O-O bond formation (Britt 1996;
Hoganson & Babcock 1997; Pecoraro er al. 1998;
Tommos et al. 1998; Siegbahn & Crabtree 1999; Limburg
et al. 1999a). The involvement of a high-valent metal
terminal-oxo species has also been postulated in homo-
geneous water-oxidation catalysts that generate O,
(Gersten er al. 1982). Based on previous studies of metal
terminal-oxo species in inorganic systems (Acquaye et al.
1993; Groves et al. 1997), it is expected that the oxo in a
MnV=0 species will be an electrophilic centre. We propose
that O-O bond formation occurs in the S, state via nucle-
ophilic attack on an electron-deficient MnV=0 species by
a Ca?"-bound water molecule. The reactivity of the oxo
may be enhanced through occupation of a Mn=0 lowest
unoccupied molecular orbital by a lone pair of a trans aro-
matic amine ligand (Jeorgensen & Swanstrem 1988).
Therefore, we suggest that an imidazole moiety from a His
residue (D1-His332 in our model) may be ligated in a
trans position to the oxo.

O-O bond formation begins by bringing the second
substrate water closer to the MnV=0 in an Sy2-like reac-
tion (S, state in figure 2). We propose that this occurs
through contraction of the Mn—Cl bond upon formation
of the high-valent MnV=0 moiety. Shortening of the
MnV-Cl bond would also increase the Lewis acidity of
Ca?* because of a lengthening of the Ca—Cl bond. This
would have the effect of enhancing the nucleophilicity of
the Ca-bound water, concomitant with formation of an
electrophilic MnVY-bound oxo. In this way, the require-
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Table 1. Ionic radii and pK,s of the aqua ions of metal cations.

metal ion ionic radius (A)a pK, of aqua ion®
Mg+ 0.66 11.41
Ni?* 0.69 9.86
Cu?* 0.72 8.00
Co?* 0.72 9.85
Cdz+ 0.97 9.00
Ca?* 0.99 12.80
Sr2+ 1.12 13.18
Baz* 1.34 13.36
Lu** 0.85 7.94
Dy** 0.91 8.10
Gda** 0.92 9.78
Pr3* 1.01 8.91
La3* 1.02 8.82
Na* 0.97 14.77
K* 1.33 16
Cs* 1.67 >17

2 Data from Weast (1978).
® Data from Dean (1985).

ment for chloride is explained in terms of both a structural
role to position the Ca-bound water properly for nucleo-
philic attack, and as a bridge that couples the electrophilic
and nucleophilic centres for reaction. In order for the O—
O bond to form, there must be an overlap between the
oxygen lone pair of the water molecule with an empty
(non- or anti-bonding) Mn=0 orbital, in accordance with
Woodward-Hoffman rules of symmetry. The orientation
of the Ca-bound water is optimized for a nucleophilic
attack by H-bonding to the p-oxo bridge and possibly to
a Lewis base (B in figure 2); D1-H337 is one candidate for
B. This base would also aid the deprotonation of water, as
the pK, of Ca-bound water (12.8 for the aqua ion; table
1) is probably too high for the Ca-bound water in PSII to
be deprotonated at physiological pH.

Nucleophilic attack by the Ca-bound water on the
MnV=0 moiety, concomitant with its deprotonation,
results in a transiently formed hydroperoxide species
(denoted S, in figure 2), in which the OOH moiety is H-
bonded to the bridging p-oxo. This structure is analogous
to that of reversibly bound O, in haemerythrin (Stenkamp
et al. 1985; Holmes ez al. 1991). The active site of haemer-
ythrin consists of an Fe! dimer connected by a mono-p-
hydroxo-di-p-carboxylato bridge. Oxygen binds as a
hydroperoxide by oxidizing the dimer to Fel! and depro-
tonating the p-OH to a p-O; the proton remains
H-bonded to the bridging p-O. The Fe™ ions are separ-
ated by 3.3 A with an Fe—-O-Fe angle of 125°. The release
of O, is simply the reverse of its binding, in which the
proton is transferred back to the p-O and the Fe dimer is
reduced to the diferrous state. By analogy, release of O,
from the OEC is proposed to proceed by a similar mech-
anism. In haemerythrin, reversible O, binding is allowed
energetically because the reduction potentials for the
Fell/Fel! couple in haemerythrin (Armstrong ez al. 1983)
and HOO /O, couple (Wood 1988) are nearly equal, at
ca. 500 mV. However, in the case of the Mn, cluster, the
reduction potential for the S, state is substantially higher
than that of hydroperoxide, so oxidation of hydroperoxide
is energetically favoured. The reduction of the terminal
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Mn™-OOH to Mn" results in the release of O, and the
protonation of the p-oxo bridge, resetting the OEC to S,.

4. THE ROLE OF CALCIUM IN THE O,-EVOLVING
COMPLEX

One prediction of the model shown in figure 2 is that
Ca?* functions as a Lewis acid in the OEC. In order to
test this idea, we have studied the binding of a series of
cations to the Ca2" site in PSII (Vrettos et al. 2001b).

Previous studies of Ca?*-binding sites in other proteins
have defined two general types of sites (reviewed in Falke
et al. 1994). Charge-selective sites exhibit a shallow
dependence of the binding free energy (AGg) on the ionic
radius of the cation for a given charge, but a significant
difference in AGgy between cations of different charges
(figure 3a). However, size-selective sites exhibit a potential
well with a well-defined minimum at the optimal ionic
radius, but have similar optimal AGy values for di- and
trivalent cations (figure 3b). The difference can be under-
stood in terms of the rigidity of the binding site. Charge-
selective sites typically coordinate a small number of
amino acid ligands to the metal centre, leaving several
waters of hydration on the metal. Selectivity is governed
solely by neutralization of the net negative charge of the
binding cavity by the metal ion. By employing many
amino acid ligands and allowing fewer (typically only one)
water ligands to remain on the metal ion, size-selective
sites are, however, significantly more rigid. Selectivity is
governed by size according to the extent to which the net
negative charge density of the binding cavity is neutralized
by the metal ion. For this reason, trivalent cations show a
slightly smaller optimal radius than dications due to their
greater net positive charge density, which can contract the
ligand sphere more tightly (figure 35). In the case of size-
selective sites, work must be done to expand the binding
cavity to accommodate ions larger than the optimal radius.
The steepness of the potential well at radii greater than
the optimal radius is a measure of this work, which reflects
the constraining force of the site.

Data for the Ca®**-binding site in PSII clearly indicate
that the site is rigid (figure 3¢). The constraining energy
of the Ca?*-binding site in PSII is 17 kcal mol™!, similar
to that measured for EF-hand-like sites (Falke ez al. 1994).
The site in PSII is, therefore, highly optimized to bind
metal ions of a particular size. By analogy with other size-
selective Ca2"-binding proteins, this suggests that the
Ca?"-binding site in PSII consists of an ordered closely
packed array of mostly carboxylate oxygen ligands. One
difference between the Ca?*-binding site in PSII and EF-
hand-like sites is that there is little distinction between di-
and trivalent cations (compare figure 36 and 3c¢). It is poss-
ible that the trivalent ions, which are strong Lewis acids,
bind to PSII with a hydroxide ligand and so have a net
+2 charge upon binding. This has previously been pro-
posed to account for structural effects on the Mn, cluster
induced by substituting Dy>* for Ca?* (Riggs-Gelasco et
al. 1996). Another difference between PSII and EF-hand-
like sites is the presence of polarizable groups in the OEC
(such as the Mn, cluster) that can alter the electrical
effects of the nearby amino acid ligands by dissipating
some of the net negative charge.
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Figure 3. Ky, of divalent (squares) and trivalent (open
circles) metal ions binding to Ca?*-binding sites versus their
ionic radius for (a) a charge-selective EF-hand-like site; (b) a
size-selective EF-hand-like site; and (¢) the Ca?*-binding site
in PSII membranes. Schemes (a,b) adapted from Falke ez al.
(1991) and scheme (c¢) adapted from Vrettos et al. (20015).

Considering the large number of metal ions that will
compete for the Ca?*-binding site in PSII, it is surprising
that only Ca?* and Sr?* support O, evolution. It would
be expected that if the role of Ca?* in PSII is purely struc-
tural, then metal ions of the same size and charge should
be functional replacements. For example, Cd2?* (0.97 A)
is almost the same size as Ca®* (0.99 A), carries the same
charge, is a closed-shell ion and binds to PSII with an
affinity that is comparable with that of Ca®>*. Moreover,
Cd?" replaces Ca?* in other proteins without large struc-
tural perturbations and even preserves H-bonding net-
works (McPhalen er al. 1991; Bouckaert ez al. 2000).
However, Cd?*-substituted PSII is inactive. What is the
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Figure 4. Proposed mechanism for the reaction between 1 and oxygen atom-transfer reagents. Adapted from Limburg ez al.

(2001).

distinguishing factor among the metal ions that deter-
mines the functional competence of Ca?* and Sr?" over
other cations that can bind in the Ca?"-binding site in
PSII? Values of ionic radii and pK,s of the aqua ions are
shown in table 1. Owing to its larger size, Sr®>" is not a
particularly good match to the size of the Ca?"-binding
site in PSII and does not bind to PSII as tightly as Ca®*
(Vrettos et al. 20015). However, among the cations that
can bind with reasonable affinity to the Ca?* binding site
in PSII, only Sr?* has a pK, of its aqua ion that is close to
that of Ca®*. We postulate that only Sr*>* can functionally
substitute for Ca?" because it is the only cation whose
Lewis acidity is well matched. Other metal ions fail to sup-
port oxygen evolution because their Lewis acidity is too
far out of the range required for activity, which makes the
coordinated water too strong (or weak) a Brensted acid.
The result is that the H-bonding network of the OEC is
disturbed and the coordinated water either deprotonates
to form an unreactive metal cation-bound OH™ (too
strong a Brensted acid) or cannot be readily deprotonated
in the O-O bond-forming reaction (too weak a Bronsted
acid).

There are two possibilities for the protonation state of
the Ca%*-bound water: either OH™ or H,O. When buried
in the hydrophobic interior of a protein, the pK, of water
bound to a metal ion is usually lowered by several units;
nonetheless, the relative ordering of the Lewis acidity of
the metal ions in table 1 will remain the same. Taking this
into consideration, the Ca2?" aqua ion is still a weak Lewis

Phil. Trans. R. Soc. Lond. B (2002)

acid (pK, =12.8) compared with the other metal ions in
table 1, so we propose that H,O, and not OH™, is the
form of the Ca?*-bound substrate molecule. Sr?* is the
only other catalytically competent metal ion because its
pK, is sufficiently high to provide H,O and not OH™ as
a ligand.

These results suggest that Ca?* is directly involved in
the chemistry of water oxidation and is not just a struc-
tural cofactor in the OEC. They provide good support for
our proposal that the function of Ca?" is to act as a Lewis
acid, binding a substrate water molecule and tuning its
reactivity.

5. CATALYSIS OF O-O BOND FORMATION BY
INORGANIC MANGANESE COMPLEXES

A MnV=0 species is proposed to be the key reactive
species in O—O bond formation in the mechanism outlined
in figure 2 (Vrettos ez al. 2001a) and in a number of other
proposals (Britt 1996; Hoganson & Babcock 1997; Pecoraro
et al. 1998; Tommos et al. 1998; Siegbahn & Crabtree
1999; Limburg ez al. 1999a). In order to probe the chem-
istry of high-valent manganese terminal-oxo species, we
have studied the reaction of inorganic manganese com-
plexes with oxygen atom-transfer reagents such as potass-
ium oxone (KHSO;) and sodium hypochlorite (NaOCI)
(Limburg et al. 1997, 19995, 2001).

We found that the addition of KHSO5 or NaOCI to
an aqueous solution of 1 ([(terpy)(H,O)Mn™(O),Mn™
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(OH,)(terpy)] (NOs); (terpy=2,2'-6,2"-terpyridine); figure 4)
resulted in the catalytic formation of O, (Limburg et al.
1997, 19995, 2001). These are, to our knowledge, the first
reports of a di-p-oxo dimanganese complex, a structural
element of the Mn, cluster in the OEC, which can carry
out catalytic O—O bond formation. The reactions followed
Michaelis—Menten kinetics with 17, values of 2420 for
KHSO; at pH 4.5 and 6.5 for NaOCI at pH 8.6 in units
of mol O, (mol 1)"! h™!. The observations that the reac-
tions are first-order with respect to 1 and show saturation
kinetics are consistent with a mechanism that involves
initial binding of the oxygen atom-transfer reagent
(termed XO) followed by a rate-determining step leading
to O, formation. In order to investigate the mechanism
further, we performed isotope-labelling studies. By carry-
ing out the reaction in !'20-labelled water using
18Q-labelled oxone, it was possible to determine the
source of the oxygen atoms in the product O,. It was
found that significant amounts of both singly and doubly
180Q-labelled O, were formed, indicating that the reaction
must involve a reactive intermediate containing an active
oxygen that can exchange rapidly with water. The incor-
poration of 80 from water into various organic products
has been used to infer the presence of a Mn=0 intermedi-
ate in other systems (Groves & Stern 1987, 1988; Bernadou
et al. 1994; Groves et al. 1997; Bernadou & Meunier
1998). On this basis, we concluded that a MnV=0 species
is the reactive intermediate in the O,-evolving reaction
catalysed by 1. Figure 4 summarizes the proposed mech-
anism for the reaction between 1 and oxygen atom-
transfer reagents.

These results provide support for the formation of a
reactive high-valent manganese intermediate in the reac-
tion of 1 with oxygen atom-transfer reagents. We propose
that the active intermediate contains a MnY=0 species that
is capable of reacting with water to produce O,. Studies
are in progress to characterize further the mechanisms of
O, formation in both our model system and PSII. A key
aim of our model studies is to characterize the reactive
intermediates that are present during catalysis. These
species may be analogous to those formed in the OEC
during turnover and thus their characterization will pro-
vide important insights into the mechanism of photosyn-
thetic water oxidation.

This work was supported by the National Institutes of
Health (GM32715).
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Discussion

C. Dismukes (Department of Chemistry, Princeton Univer-
sity, Princeton, NJ, USA). Your model requires a short dis-
tance (less than 4 A) with the Y, directly attacking the
water bound to the Mn'V-OH,? The recent XRD model
indicates that this distance is no closer than 7.5 A.

G. W. Brudvig. Assuming that the identification of Y,
and the structure of the Mn, cluster in the XRD model
are correct, then the distance between the two is 7.5 A.
This distance is too long for a direct H-bond between Y,
and H,O bound to a terminal Mn. However, protons from
a Mn-bound H,O can still be transferred to Y3 through
an intervening H-bond pathway, such as via an ordered
chain of H,O molecules.
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L. Hammarstrém (Department of Physical Chemistry,
Uppsala University, Uppsala, Lund, Sweden). Are the kin-
etic results that you presented in terms of Michaelis—
Menten parameters (the difference between oxone and
hypochlorite) consistent with the mechanistic model?

G. W. Brudvig. The different Michaelis—-Menten para-
meters measured for oxone versus hypochlorite reflect the
chemical differences between the two oxidants. A direct
comparison of the K, values is, however, complicated by
the different pH values (8.6 for OCI™ versus 4.5 for
HSO5) at which the measurements were done. On the
other hand, the V/,,, for oxone is 400 times greater than
for OCI™. This makes sense because oxone is a stronger
oxidant that OCI~ and SO? is a better leaving group than
Cl™ for forming the terminal-oxo species.

W. Junge (Abteilung Physik, Universitdt Osnabriick,
Osnabriick, Germany). You mention that strontium can
replace calcium by virtue of its Lewis basicity. What about
barium, which has a similar basicity?

G. W. Brudvig. Although barium has a similar basicity
to calcium, it is a non-competitive inhibitor, which means
that it inhibits O, evolution not by binding to the Ca?*-
binding site but in some other way. Therefore, even
though Ba®* meets the chemical criteria for replacing
Ca?*, it does not bind to the Ca?*-binding site in the
OEC.

P. E. M. Siegbahn (Department of Physics, University of
Stockholm, Stockholm, Sweden). 1 wonder if your assign-
ment of the active species in water oxidation as MnV=0
could be taken literally? A Mn'V-oxygen radical is the pre-
cursor for di-oxygen formation. In fact, even in your
(Mn), dimer model system we find this oxygen radical.
Furthermore, in our studies of di-oxygen cleavage in
different enzymes like Mn catalase, phenylalanine
hydroxylase, methane mono-oxygenase and cytochrome
oxidase, we find that oxygen radicals appear directly after
di-oxygen cleavage.

G. W. Brudvig. The electronic state of the reactive Mn-
oxo0 species, i.e. MnV=0 versus MnV-O', does not affect
the proposed mechanism. However, further work is
needed to determine the nature of the species that is the
precursor for O, formation.

P. E. M. Siegbahn. A second question, I wonder about
your structural model for the S, to S; transition. I do not
see how your model could account for the large structural
rearrangement indicated by EXAFS.

G. W. Brudvig. It should be noted that a consensus has
not been reached on the interpretation of the EXAFS data
for the S, — S; transition. In any case, our model does
not explicitly include the structure of two of the four Mn
ions in the Mn, cluster or any of their ligands. Therefore,
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changes in those structures can account for the structural
perturbations measured by EXAFS in the S, — S; tran-
sition.

J. De Las Rivas (Insttuto de Microbiologia y Bioquimica,
Universidad de Salamanca, Salamanca, Spain). You said
that PSII has a Ca?*-binding site that seems to be size-
selective and rigid. Have you found any protein motif that
could be a candidate to give structure to this binding site?
Which proteins could be involved in the formation of such
a binding site: D1 extrinsic loops, PsbO....?

G. W. Brudvig. Ca?*-binding sites are generally com-
posed of an array of electron-rich O-donor ligands, such
as Glu and Asp residues, peptide backbone carbonyls and
water. Therefore, any protein fold that offers such an array
is a candidate for the Ca®*-binding site, making it difficult
to assign possible motifs from the PSII sequence. It is
likely that the 17 and 23 kDa polypeptides can be
excluded as ligand donors, however, because Ca?" still
binds tightly in their absence.

J. De Las Rivas. Regarding the ions that can substitute
Ca(II), you said that the only one is Sr. What about Mg?
There is a report in the literature by Enami ez al. (1995)
that in red algae and cyanobacteria, Mg?" can restore
activity in Ca-depleted PSII. These authors say that this
restoration does not occur in higher plants.

G. W. Brudvig. The competitive binding of Ca?" with
other metal cations has not been explored in great detail in
cyanobacteria and red algae. It may be that Mg?*, which is
smaller than Ca?" but almost as basic, is able to bind to
the Ca?* site in red algae and cyanobacteria sufficiently
well that it can support O, evolution. This would support
our hypothesis that it is the basicity of the metal ion in
the Ca?* site that determines functionality.

Additional reference

Enami, 1., Murayama, H., Onta, H., Kamo, M., Nakazato,
K. & Shen, J. R. 1995 Isolation and characterization of a
photosystem II complex from the red alga Cyanidium
caldarium: association of cytochrome ¢-550 and 12 kDA pro-
tein with the complex. Biochim. Biophys. Acta 1232, 208—
216.

GLOSSARY

EPR: electron paramagnetic resonance

ET: electron transfer

EXAFS: extended X-ray absorption fine structure
OEC: oxygen-evolving complex

PCET: proton-coupled electron transfer

PSII: photosystem II

PT: proton transfer

XRD: X-ray diffraction



